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SEMICONDUCTOR MEMORY DEVICE AND
A METHOD OF OPERATING THE SAMEL

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority under 35 U.S.C. §119(a)
to Korean Patent Application No. 10-2013-0129574 filed on

Oct. 29, 2013, the disclosure of which 1s incorporated by
reference herein 1n its entirety.

TECHNICAL FIELD

The mnventive concept relates to a semiconductor memory
device and a method of operating the same, and more
particularly, to a semiconductor memory device for provid-
ing high-reliability data transmission and a method of oper-
ating the same.

DISCUSSION OF THE RELATED ART

A semiconductor memory device may communicate com-
mands and data with an external system such as a memory
controller. When the impedance of a bus line connecting the
semiconductor memory device and the external system 1s
different from that of a signal line directly connected to the
bus line within the semiconductor memory device, data
reflection may occur. To reduce data reflection 1n high-speed
semiconductor memory devices, a device, e.g., an on-die
termination (ODT), may be provided for impedance match-
ng.

SUMMARY

According to an exemplary embodiment of the inventive
concept, there 1s provided a semiconductor memory device
including a ZQ calibration unit configured to generate an
output high level voltage (VOH) code according to a VOH
control code obtained from a result of comparing a reference
voltage with a first VOH; and an output driver configured to
generate a data signal having a second VOH determined by
the VOH code. The VOH control code may include a pull-up
VOH control code and a pull-down VOH control code and
the VOH code may include a pull-up VOH code and a
pull-down VOH code.

The ZQ calibration unit may include a first calibration
unit configured to generate the pull-up VOH code, which
determines a current generated by a pull-up driver included
in the output driver, based on a first target VOH determined
by the pull-up VOH control code; and a second calibration
unit configured to generate the pull-down VOH code, which
determines a resistance of a pull-down driver included 1n the
output driver, based on a second target VOH determined by
the pull-down VOH control code.

The first calibration unit may include a pull-up VOH
control block configured to generate the first target VOH, a
first comparator configured to output a first comparison
result by comparing the first target VOH with a voltage of
a first node, a first code generator configured to generate the
pull-up VOH code based on the first comparison result, a
replica pull-up driver configured to generate a first current
flowing across the first node according to the pull-up VOH
code, and a replica system on chip (SOC) on die termination
(ODT) resistor configured to determine the voltage of the
first node according to the first current.

The second calibration unit may include a pull-down
VOH control block configured to generate the second target
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VOH, a second comparator configured to output a second
comparison result by comparing the second target VOH with
a voltage of a second node, a second code generator con-
figured to generate the pull-down VOH code based on the
second comparison result, and a replica pull-down drniver
configured to determine the voltage of the second node
according to the pull-down VOH code.

The replica SOC ODT resistor may have a resistance
determined by the pull-down VOH code.

The voltage of the second node may be determined by a
resistor outside the semiconductor memory device and the
replica pull-down driver.

The VOH control code may be generated by an internal
test mode signal of the semiconductor memory device or a
VOH change request signal provided from outside the
semiconductor memory device.

The semiconductor memory device may further include a
pre-driver configured to generate a pull-up driving signal
and a pull-down driving signal according to the VOH code
and internal data. The output driver may include the pull-up
driver configured to generate a current determined by the
pull-up driving signal and the pull-down driver configured to
have a resistance determined by the pull-down driving
signal.

According to an exemplary embodiment of the imnventive
concept, there 1s provided a method of operating a semi-
conductor memory device. The method includes generating
a VOH code according to a VOH control code obtained from
a result of comparing a reference voltage with a first VOH
and generating a data signal having a second VOH deter-
mined by the VOH code. The VOH control code may
include a pull-up VOH control code and a pull-down VOH
control code and the VOH code may include a pull-up VOH
code and a pull-down VOH code.

Generating the VOH code may include generating the
pull-up VOH code, which determines a current generated by
a pull-up driver included 1n an output driver, based on a first
target VOH determined by the pull-up VOH control code;
and generating the pull-down VOH code, which determines
a resistance of a pull-down driver included in the output
driver, based on a second target VOH determined by the
pull-down VOH control code.

Generating the pull-up VOH code may include generating,
the first target VOH, outputting a first comparison result by
comparing the first target VOH with a voltage of a first node,
generating the pull-up VOH code based on the first com-
parison result, generating a first current flowing across the
first node according to the pull-up VOH code, and deter-
mining the voltage of the first node according to the first
current.

Generating the pull-down VOH code may include gener-
ating the second target VOH, outputting a second compari-
son result by comparing the second target VOH with a
voltage of a second node, generating the pull-down VOH
code based on the second comparison result, and determin-
ing the voltage of the second node according to the pull-
down VOH code.

A replica SOC ODT resistor may be used to determine the
voltage of the first node according to the first current and
have a resistance determined by the pull-down VOH code.

The voltage of the second node may be determined by a
resistor outside the semiconductor memory device and a
replica pull-down driver.

The VOH control code may be generated by an internal
test mode signal of the semiconductor memory device or a
VOH change request signal provided from outside the
semiconductor memory device.
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According to an exemplary embodiment of the inventive
concept, there 1s provided a semiconductor memory device
including: a data output circuit configured to perform ZQ)
calibration according to an output high level voltage (VOH)
change request signal or a test mode signal and output a data
signal whose VOH has been changed, the data output circuit
including a ZQ calibration control unit configured to gen-
erate a VOH control code corresponding to information of
the VOH change request signal or the test mode signal, the
information indicating whether to increase or decrease the
VOH.

The data signal may be output from a D(Q terminal.

The VOH change request signal 1s generated by a memory
controller configured to receive the data signal output from
the DQ terminal.

The data output circuit may further include a ZQ calibra-
tion unit configured to generate a pull-up VOH code or a
pull-down VOH code 1n response to the VOH control code.

The data output circuit may further include a pre-driver
configured to generate a pull-up driving signal and a pull-
down driving signal in response to the pull-up VOH code,

the pull-down VOH code and data.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features of the inventive concept will
become more apparent by describing in detail exemplary
embodiments thereof with reference to the attached draw-
ings in which:

FIG. 1 1s a schematic diagram of a memory system
according to an exemplary embodiment of the inventive
concept;

FI1G. 2 1s a detailed block diagram of the memory system
illustrated 1n FIG. 1, according to an exemplary embodiment
of the mventive concept;

FIG. 3 1s a detailed block diagram of a data output circuit
illustrated 1n FIG. 2, according to an exemplary embodiment
of the mventive concept;

FIG. 4 1s a diagram for explaining the operation of a Z(Q)
calibration umit illustrated 1n FIG. 3, according to an exem-
plary embodiment of the mnventive concept;

FIG. § 1s a detailed block diagram of the ZQ calibration
unit 1llustrated 1n FI1G. 3, according to an exemplary embodi-
ment of the inventive concept;

FIG. 6 1s a circuit diagram of an exemplary embodiment
of a pull-up output high level voltage (VOH) control block
or a pull-down VOH control block illustrated in FIG. §;

FIG. 7 1s a circuit diagram of an exemplary embodiment
of the pull-up VOH control block or the pull-down VOH
control block illustrated 1n FIG. 5;

FIG. 8 1s a detailed circuit diagram of an output driver
illustrated 1n FIG. 3, according to an exemplary embodiment
of the mventive concept;

FIG. 9 1s a flowchart of a method of operating a semi-
conductor memory device illustrated 1 FIG. 1 according to
an exemplary embodiment of the inventive concept;

FIG. 10 1s a detailed flowchart of an operation of gener-
ating a VOH code in the method illustrated mm FIG. 9,
according to an exemplary embodiment of the inventive
concept;

FIG. 11 1s a detailed tlowchart of an operation of gener-
ating a pull-up VOH code illustrated in FIG. 10, according
to an exemplary embodiment of the inventive concept; and

FIG. 12 1s a detailed flowchart of an operation of gener-
ating a pull-down VOH code 1llustrated in FIG. 10, accord-
ing to an exemplary embodiment of the inventive concept;
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FIG. 13 15 a block diagram of a computer system 1nclud-
ing the semiconductor memory device illustrated in FIG. 1

according to an exemplary embodiment of the inventive
concept;

FIG. 14 1s a block diagram of a computer system 1nclud-
ing the semiconductor memory device illustrated in FIG. 1
according to an exemplary embodiment of the mmventive
concept;

FIG. 15 1s a block diagram of a computer system 1nclud-
ing the semiconductor memory device 1illustrated in FIG. 1
according to an exemplary embodiment of the mmventive
concept;

FIG. 16 15 a block diagram of a computer system 1nclud-
ing the semiconductor memory device illustrated 1n FIG. 1
according to an exemplary embodiment of the inventive
concept;

FIG. 17 1s a block diagram of a computer system 1nclud-
ing the semiconductor memory device illustrated in FIG. 1
according to an exemplary embodiment of the inventive
concept;

FIG. 18 1s a block diagram of a computer system 1nclud-
ing the semiconductor memory device 1illustrated in FIG. 1
according to an exemplary embodiment of the mmventive
concept;

FIG. 19 1s a block diagram of a data processing system
including the semiconductor memory device illustrated 1n
FIG. 1 according to an exemplary embodiment of the
iventive concept;

FIG. 20 1s a schematic diagram of a multi-chip package
including the semiconductor memory device illustrated 1n
FIG. 1, according to an exemplary embodiment of the
inventive concept; and

FIG. 21 1s a three-dimensional diagram of an exemplary
embodiment of the multi-chup package 1llustrated in FIG. 20.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(Ll

The mmventive concept now will be described more fully
heremnafter with reference to the accompanying drawings, in
which exemplary embodiments are shown. This inventive
concept may, however, be embodied in many different forms
and should not be construed as limited to the embodiments
set forth herein. In the drawings, the size and relative sizes
of layers and regions may be exaggerated for clarity. Like
numbers may refer to like elements throughout the applica-
tion.

It will be understood that when an element 1s referred to
as being “connected” or “coupled” to another element, 1t can
be directly connected or coupled to the other element or
intervening elements may be present.

As used herein, the singular forms “a”,

a”’, “an” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise.

FIG. 1 1s a schematic diagram of a memory system 10
according to an exemplary embodiment of the mmventive
concept. The memory system 10 may include a memory
module 50 and a memory controller 300.

The memory module 50 may include a plurality of dies
RAMO through RAMp each of which corresponds to a
semiconductor memory device. The memory module 50
may be a single in-line memory module (SIMM) or a dual
in-line memory module (DIMM).

The dies RAMO through RAMp may operate 1in response
to address information ADD and a command signal CMD
received from the memory controller 300 and communicate
a data signal DQ and a data strobe signal DQS with the
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memory controller 300. The memory controller 300 may
control the overall operation, e.g., a read, write or reiresh
operation ol the memory module 50, and may be a part of
a system on chip (SoC).

FIG. 2 1s a detailed block diagram of the memory system
10 1llustrated 1n FIG. 1, according to an exemplary embodi-
ment of the inventive concept. Referring to FIGS. 1 and 2,
the memory system 10 may include a semiconductor
memory device 100 and the memory controller 300. FIG. 2
shows one die (e.g., RAMO) 1n the memory module 50
illustrated in FIG. 1 and the memory controller 300.

The semiconductor memory device 100 may include an
address bufler 110, a command bufler 120, a control logic
130, a data storing unit 140, and a data input/output (1/O)
circuit 190. The address bufler 110 may receive the address
information ADD from the memory controller 300, tempo-
rarily store the address information ADD, and transmit the
address information ADD to the data storing unit 140
according to the control of the control logic 130. The
command builer 120 may receive the command signal CMD
from the memory controller 300, temporarily store the
command signal CMD, and transmit the command signal
CMD to the control logic 130 according to the control of the
control logic 130.

The control logic 130 may control the overall operation of
the semiconductor memory device 100. Although not
shown, the control logic 130 may include a command
decoder, a clock generator, and a mode register set (MRS)
circuit.

The data storing unit 140 may include a memory cell array
150, a row decoder and row driver 160, a column decoder
and column driver 170, and a write driver and sense ampli-
fier (S/A) block 180.

The memory cell array 150 1includes word lines, bit lines,
and memory cells each of which 1s connected to one of the
word lines and one of the bit lines. The memory cells may
store data of at least one bit. The memory cells may be
non-volatile memory cells that retain data when power 1s cut
ofl or volatile memory cells that retain data only while
power 1s being supplied. Data may be stored 1n the memory
cells using a fuse-cutting method, which uses a physical

laser, or an electrical programming method. The memory
cells may be dynamic random access memory (DRAM)
cells, static RAM (SRAM) cells, synchronous DRAM
(S. DRAM) cells, electrically erasable programmable read-

only memory (EEPROM) cells, flash memory cells, mag-
netic RAM (MRAM) cells, conductwe bridging RAM

(CBRAM) cells, ferroelectric RAM (FeRAM) cells, phase-
change RAM (PRAM) cells, or resistive RAM (RRAM or
ReRAM) cells.

The row decoder and row driver 160 may select one of the
word lines based on the address information ADD output
from the address bufler 110 and may drive the selected word
lines to an operating voltage. The column decoder and
column driver 170 may control the connection between each
of the bit lines and the write driver and S/A block 180 based
on the address imformation ADD output from the address
butier 110.

The write driver and S/A block 180 may generate a
current signal corresponding to write data based on the write
data received from the data I/O circuit 190 and may apply
the current signal to at least one bit line connected by the
column decoder and column driver 170. The write driver and
S/A block 180 may sense and amplify a signal output from
the at least one bit line connected by the column decoder and
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column drniver 170, generate read data corresponding to the
sensed and amplified signal, and transmit the read data to the
data I/O circuit 190.

The data I/O circuit 190 may include a data input circuit
(not shown) and a data output circuit 200, which operate
according to the control of the control logic 130 and are
connected to data IO ports. The data output circuit 200 may
transmit the data signal DQ to the memory controller 300.
The structure and operations of the data output circuit 200
will be described in detail later.

The memory controller 300 may transmit various com-
mands CMD to the semiconductor memory device 100 for
controlling the operation of the semiconductor memory
device 100. The memory controller 300 may transmit the
address information ADD for the memory cell array 150,
which will perform a read, write or test operation, to the
semiconductor memory device 100. The memory controller
300 may transmit write data to be written to the memory cell
array 150 to the semiconductor memory device 100 and may
receive read data from the semiconductor memory device
100.

FIG. 3 1s a detailed block diagram of the data output
circuit 200 illustrated 1n FIG. 2, according to an exemplary
embodiment of the imnventive concept. FIG. 4 1s a diagram
for explaining the operation of a ZQ calibration unit 210
illustrated in FIG. 3, according to an exemplary embodiment
of the mventive concept.

Referring to FIGS. 2 through 4, the data output circuit 200
may receive internal data DATA, e.g., read data, and output
the data signal DQ according to the control of the control
logic 130. The data signal DQ may have a high level or a low
level according to the internal data DATA. The data signal
DQ 1s an alternating current (AC) signal that swings
between an output high level voltage (hereinafter, referred to
as “VOH”) and an output low level voltage (heremafter,
referred to as “VOL”).

The memory controller 300 may receive the data signal
DQ from each of the dies RAMO through RAMp, determine
VOH and VOL, and determine a reference voltage (VREF 1n
FIG. 4) from the VOH and VOL. The memory controller 300
may compare the data signal DQ with the reference voltage
VREF and determine a received data value (e.g., 0 or 1).
Accordingly, an accurate determination of the reference
voltage VREF can increase data reliability.

However, the data signal DQ output from the dies RAMUO
through RAMp of the semiconductor memory device 100
may have a diflerent VOH and VOL from die to die.
Referring to FI1G. 4, the data signal DQ from a first die Diel
may have a first VOH VOHI1, a first VOL VOLI1, and a first
reference voltage VREF1 corresponding to the median value
between the first VOH VOHI1 and the first VOL VOLI1. The
data signal DQ from a second die Die2 may have a second
VOH VOH2, a second VOL VOL2, and a second reference
voltage VREF2 corresponding to the median value between
the second VOH VOH2 and the second VOL VOL?2.

The memory controller 300 calibrates the reference volt-
age VREF to a value between the first reference voltage

VREF1 and the second reference voltage VREF2 according
to a VOH difference between the first VOH VOHI1 and the

second VOH VOH2. The data signal DQ having the value
between the first reference voltage VREF1 and the second
reference voltage VREF2 may have noise. The VOH dii-
ference may occur due to quantization error, comparator
oflset, or power diflerence between dies. The VOH difler-
ence causes the signal integrity of the semiconductor
memory device 100 to deteriorate. For example, when the
data output circuit 200 1s implemented using low voltage
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swing terminated logic (LVSTL), noise more sensitive to the
VOH diflerence may be contained in the data signal DQ.
Theretore, the VOH difterence between the first VOH
VOHI1 and the second VOH VOH2 1s reduced to reduce the
difference between the first reference voltage VREF1 and
the second reference voltage VREF2.

When the memory controller 300 determines that the
difference between the first reference voltage VREF1 and
the second reference voltage VREF2 exceeds a threshold, it
may generate a VOH change request signal VOH_CRS and
transmit 1t 1n a form of a command CMD to the semicon-
ductor memory device 100. The control logic 130 may
receive the VOH change request signal VOH_CRS or may
transmit the VOH change request signal VOH_CRS or a test
mode signal TMS to the data output circuit 200 when a test
mode 1s entered. The test mode 1s for testing the state of the
semiconductor memory device 100 and may be started by a
special command CMD or an MRS command from the
memory controller 300.

The data output circuit 200 may perform Z(Q calibration
according to the VOH change request signal VOH_CRS or
the test mode signal TMS and output the data signal DQ
whose VOH has been changed. The Z(Q) calibration 1s an
operation of matching the impedance of the data output
circuit 200 and that of a system on chip (SOC) on die
termination (ODT) resistor (Rc,~ onr 10 FIG. 8) of the
memory controller 300 to reduce signal reflection due to
impedance mismatching. In the current embodiment, the Z()
calibration by the data output circuit 200 may also include
an operation of reducing the VOH difference as well as the
impedance matching. The data output circuit 200 may
include a Z(Q) calibration control unit 205, the ZQ calibration
unit 210, a pre-driver 280, and an output driver 290.

The ZQ calibration control unit 205 may generate a VOH
control code according to the VOH change request signal
VOH_CRS or the test mode signal TMS. The VOH change
request signal VOH_CRS and the test mode signal TMS
may include information about a result of comparing the
reference voltage VREF with the VOH. The result of com-
paring the reference voltage VREF with the VOH 1s the
result of comparing the reference voltage VREF with
(VOH-VOL)/2 to reduce the VOH diflerence between dies
(e.g., Diel and Die2 in FIG. 4). The comparison between the
reference voltage VREF and (VOH-VOL)/2 may be per-
formed by the memory controller 300 or the semiconductor
memory device 100.

The ZQ calibration control unit 205 may generate the
VOH control code corresponding to information of the VOH
change request signal VOH_CRS or the test mode signal
TMS, which includes the information indicating whether to

increase or decrease the VOH. The VOH control code may
include a pull-up VOH control code CVOH_PU and a

pull-down VOH control code CVOH_PD. The pull-up VOH
control code CVOH_PU may be a code for changing a
current generated by a pull-up driver (292 1n FIG. 8) of the
output drniver 290 and the pull-down VOH control code
CVOH_PD may be a code for changing the current gener-
ated by the pull-up dniver 292 of the output driver 290 and
a resistance of a pull-down dniver (294 1n FIG. 8) of the
output driver 290.

Accordingly, to change only the current generated by the
pull-up driver 292, the ZQ calibration control unit 205 may
change the pull-up VOH control code CVOH_PU. To
change both the current generated by the pull-up driver 292
and the resistance of the pull-down driver 294, the Z(Q)
calibration control umt 205 may change the pull-down VOH
control code CVOH_PD. In an exemplary embodiment of
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the inventive concept, the functions of the Z(Q calibration
control unit 205 may be performed by the control logic 130.

The ZQ calibration unit 210 may generate a VOH code
according to the pull-up VOH control code CVOH_PU and
the pull-down VOH control code CVOH_PD. The VOH
code may include a pull-up VOH code VOH_PU and a
pull-down VOH code VOH_PD. The pull-up VOH code
VOH_PU may be a code for determining the current gen-
erated by the pull-up drniver 292 and the pull-down VOH
code VOH_PD may be a code for determining the current
generated by the pull-up driver 292 and the resistance of the
pull-down driver 294. The structure and operations of the
7Q) calibration umt 210 will be described 1n detail with
reference to FIGS. 5 through 7 later.

The pre-driver 280 may generate a pull-up driving signal
OP_PU and a pull-down driving signal OP_PD based on the
internal data DATA and the VOH code, e.g., the pull-up
VOH code VOH_PU and the pull-down VOH code
VOH_PD. For instance, when the internal data DATA 1s at
a high level, the pre-driver 280 may bufler the pull-up VOH
code VOH_PU and generate the pull-up driving signal
OP_PU to be the same as the pull-up VOH code VOH_PU
and generate the pull-down driving signal OP_PD {for turn-
ing ofl all transistors included in the pull-down driver 294.
Contrarily, when the internal data DATA 1s at a low level, the
pre-driver 280 may bufler the pull-down VOH code
VOH_PD and generate the pull-down driving signal OP_PD
to be the same as the pull-down VOH code VOH_PD and
generate the pull-up driving signal OP_PU for turning off all
transistors 1icluded in the pull-up driver 292.

In other words, the pre-driver 280 may determine the
current generated by the pull-up driver 292 and the resis-
tance of the pull-down driver 294 when the output driver 290
outputs the data signal DQ).

The output driver 290 may include the pull-up driver 292
that generates the current determined by the pull-up driving
signal OP_PU and the pull-down driver 294 that has the
resistance determined by the pull-down driving signal
OP_PD. The structure and operations of the output driver
290 will be described 1n detail with reference to FIG. 8 later.

FIG. 5 1s a detailed block diagram of the Z(Q calibration
umt 210 illustrated 1n FIG. 3, according to an exemplary
embodiment of the inventive concept. Referring to FIGS. 2
through 5, the ZQ calibration unit 210 may include a first Z(Q)
calibration unit 250 and a second ZQ calibration unit 220.

The first ZQ calibration unit 250 may generate the pull-up
VOH code VOH_PU, which determines the current gener-
ated by the pull-up driver 292 of the output driver 290, based
on a first target VOH V.., determined by the pull-up VOH
control code CVOH_PU. The first ZQ calibration unit 250
may 1nclude a pull-up VOH control block 255, a first
comparator 260, a first code generator 263, a replica pull-up
driver 270, and a replica SOC ODT resistor 275.

The pull-up VOH control block 255 may generate the first
target VOH V ..., according to the pull-up VOH control code
CVOH_PU. The structure and operations of the pull-up
VOH control block 255 will be described 1in detail with
reference to FIGS. 6 and 7 later.

The first comparator 260 may generate and output a first
comparison result COMP1 by comparing the first target
VOH V.., with a voltage of a first node N1. The first code
generator 265 may generate the pull-up VOH code
VOH_PU based on the first comparison result COMP1 and
transmit the pull-up VOH code VOH_PU to the pre-driver
280 and the replica pull-up driver 270.

The replica pull-up driver 270 may generate a first current
I1 flowing across the first node N1 according to the pull-up
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VOH code VOH_PU. The replica pull-up driver 270 may
have the same structure as the pull-up driver 292 illustrated
in FIG. 8. In other words, a fourth node N4 and a DQ pad

of the pull-up driver 292 may correspond to the first node N1
of the replica pull-up driver 270. The replica pull-up drniver
270 may be connected to the replica SOC ODT resistor 275
via the first node N1. The first current I1 may determine the
voltage of the first node N1 together with a resistance of the

replica SOC ODT resistor 275.

The replica SOC ODT resistor 275 may determine the
voltage of the first node N1 based on the first current I1. The
replica SOC ODT resistor 275 may be implemented 1n the

same manner as the SOC ODT resistor R~ o7 1llustrated
in FIG. 8. The resistance of the replica SOC ODT resistor

275 may be determined by the pull-down VOH code
VOH_PD generated by a second code generator 235.
Assuming that the pull-up VOH control block 255

receives the pull-up VOH control code CVOH_PU for

increasing the VOH, the operations of the first ZQ) calibra-
tion unit 250 will be described below.

The pull-up VOH control block 2535 generates the first
target VOH V .., corresponding to the pull-up VOH control
code CVOH_PU for increasing the current VOH (e.g.,
VDDQ/3 or VDDQ/2.5). The first target VOH V -, may be
higher than the current VOH. Since the voltage of the first
node N1 1s the same as the current VOH, the first comparator
260 may generate the first comparison result COMP1 cor-
responding to the determination that the voltage of the first
node N1 1s lower than the first target VOH V..,

The first code generator 265 may generate the pull-up
VOH code VOH_PU for increasing the first current 11 of the
replica pull-up driver 270 based on the first comparison
result COMP1. For instance, it 1s assumed that like the
pull-up driver 292 illustrated in FIG. 8 the replica pull-up
driver 270 includes “n” pull-up transistors NUO through
NUn and the size, e.g., the channel width/channel length of
the pull-up transistors NU0 through NUn increases sequen-
tially from the O-th pull-up transistor NUO toward the n-th
pull-up transistor NUn. At this time, when bits (although not
shown, VOH_PUO0 through VOH_PUn respectively corre-
sponding to OP_PUO0 through OP_PUn) of the pull-up VOH
code VOH_PU, which are respectively input to the pull-up
transistors NUO through NUn, are “0001 00007, the first
code generator 265 may generate the pull-up VOH code
VOH_PU having bits “1001 0000 to increase the first
current I1.

As the first current I1 increases, the voltage of the first
node N1 can be increased according to Ohm’s law 1n relation
with the replica SOC ODT resistor 275. Thereafter, the
generation ol a new pull-up VOH code VOH_PU may be
repeated until the voltage of the first node N1 becomes the
same as (or about the same as) the first target VOH V ;.

Since the replica pull-up driver 270 and the replica SOC

ODT resistor 275 respectively correspond to the pull-up
driver 292 and the SOC ODT resistor R, or7 the first

node N1 corresponds to the D(Q) pad. Accordingly, the VOH
of the data signal DQ) 1s increased by the operation of the first
7Q) calibration umt 250.

The second ZQ calibration unit 220 may generate the
pull-down VOH code VOH_PD, which determines the resis-
tance of the pull-down driver 294 of the output driver 290,
based on a second target VOH V., determined by the
pull-down VOH control code CVOH_PD. The second Z(Q)
calibration unit 220 may include a pull-down VOH control
block 225, a second comparator 230, a second code genera-
tor 235, and a replica pull-down driver 240.
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The pull-down VOH control block 2235 may generate the
second target VOH V .., according to the pull-down VOH
control code CVOH_PD. The structure and operations of the
pull-down VOH control block 223 will be described 1n detail
with reference to FIGS. 6 and 7 later.

The second comparator 230 may generate and output a
second comparison result COMP2 by comparing the second
target VOH V., with a voltage of a second node N2, e.g.,
a voltage of a ZQ pad. The second code generator 235 may
generate the pull-down VOH code VOH_PD based on the
second comparison result COMP2 and transmit the pull-

down VOH code VOH_PD to the pre-driver 280, the replica
pull-down driver 240, and the replica SOC ODT resistor
275.

The replica pull-down driver 240 may have a resistance
varying with the pull-down VOH code VOH_PD and may
determine the voltage of the second node N2. The replica
pull-down driver 240 may have the same structure as the
pull-down driver 294 illustrated 1in FIG. 8. In other words,
the fourth node N4 of the pull-down driver 294 may corre-
spond to the second node N2 of the second Z(Q) calibration
umt 220. The replica pull-down driver 240 may be con-
nected to a ZQ resistor R, via the ZQ pad. The resistance
of the replica pull-down driver 240 may determine the
voltage of the second node N2 because it 1s used to divide
the power supply voltage VDDQ together with the ZQ)
resistor R

The ZQ resistor R, may be provided outside the semi-
conductor memory device 100, ¢.g., in an area other than the
dies RAMO through RAMp, 1n the memory module 50 for
ZQ calibration. The ZQ resistor R, may have a resistance
of 240€2, but the inventive concept 1s not restricted to the this

example.
Assuming that the pull-down VOH control block 225

receives the pull-down VOH control code CVOH_PD f{for
decreasing the VOH, the operations of the second Z(Q)
calibration unit 220 will be described below.

The pull-down VOH control block 225 generates the
second target VOH V.., corresponding to the pull-down
VOH control code CVOH_PD for decreasing the current
VOH (e.g., VDDQ/3 or VDD()/2.5). The second target VOH
V ~, may be lower than the current VOH. When the voltage
of the second node N2 i1s the same as the current VOH, the
second comparator 230 may generate the second comparison
result COMP2 corresponding to the determination that the
voltage of the second node N2 1s higher than the second
target VOH V .

The second code generator 235 may generate the pull-
down VOH code VOH_PD {for decreasing the resistance of
the replica pull-down driver 240 based on the second
comparison result COMP2. For instance, it 1s assumed that
like the pull-down driver 294 1llustrated in FIG. 8 the replica
pull-down dniver 240 includes “n” pull-down transistors
NDO through NDn and the size, e.g., the channel width/
channel length of the pull-down transistors NDO0 through
NDn 1increases sequentially from the O-th pull-down tran-
sistor ND0 toward the n-th pull-down transistor NDn. At this
time, when bits (although not shown, VOH_PD0 through
VOH_PDn respectively corresponding to OP_PD0 through
OP_PDn) of the pull-down VOH code VOH_PD, which are
respectively mput to the pull-down transistors NDO through
NDn, are “0001 0000, the second code generator 235 may
generate the pull-down VOH code VOH_PD having bits
“1001 0000” to decrease the resistance of the replica pull-
down driver 240. As a result, the voltage of the second node

N2 1s decreased.
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The generation of a new pull-down VOH code VOH_PD
may be repeated until the voltage of the second node N2

becomes the same as (or about the same as) the second target
VOH V -,.
When the pull-down VOH1 code VOH_PD ifor decreas-

ing the resistance of the replica pull-down driver 240 1is

generated, the resistance of the replica SOC ODT resistor
275 which 1s determined by the pull-down VOH code

VOH_PD 1s also decreased. Accordingly, the voltage of the
first node N1 1s decreased and, when the first target VOH
V-, 15 the same as the current VOH (e.g., VDDQ/3 or
VDDQ@Q/2.5), the first comparator 260 may generate the first
comparison result COMP1 corresponding to the determina-
tion that the voltage of the first node N1 1s lower than the
first target VOH V -,

The first code generator 265 may generate the pull-up
VOH code VOH_PU enabling the replica pull-up driver 270

to 1ncrease the first current 11 based on the first comparison
result COMP1. As the first current I1 increases, the voltage
of the first node N1 can be increased according to Ohm’s law
in relation with the replica SOC ODT resistor 275. There-
after, the generation of the new pull-up VOH code VOH_PU
may be repeated until the voltage of the first node N1
becomes the same as (or about the same as) the first target
VOH V ;.

Since the replica pull-up driver 270 and the replica SOC
ODT resistor 275 respectively correspond to the pull-up
driver 292 and the SOC ODT resistor R~ 5p7 the first
node N1 corresponds to the DQ pad. Accordingly, the VOH
of the data signal DQ 1s increased and the resistance of the
pull-down driver 294 1s adjusted by the operation of the
second ZQ) calibration unit 220.

In other words, when the semiconductor memory device
100 according to an exemplary embodiment of the inventive
concept 1s used, the VOH 1s adjusted to be constant 1n each
die, so that signal integrity can be increased. For example,
when the output driver 290 1s implemented as an LVSTL
output driver 1 which the difference between VOL and
VOH 1s very small, the adjustment of the VOH may have a
big 1mpact.

FIG. 6 1s a circuit diagram of an exemplary embodiment
255-1 of the pull-up VOH control block 255 or the pull-
down VOH control block 225 illustrated in FIG. 5. Referring
to FIGS. § and 6, FIG. 6 shows the exemplary embodiment
255-1 of the pull-up VOH control block 255 and the
structure and operations of the pull-down VOH control
block 225 are similar to those of the pull-up VOH control
block 255, and therefore, only the pull-up VOH control
block 255-1 will be described. It 1s assumed that the pull-up
VOH control code CVOH_PU 1s comprised of six bits
CVOH_PUO0 through CVOH_PUS 1n the embodiment 1llus-
trated in FIG. 6. The pull-up VOH control block 255-1 may
include a bias unit 2554, a current generation unit 23555, and
a voltage generation unit 255c¢.

The bias unit 255a includes a first bias transistor MB1
which receives a bias current IBIAS (e.g., 10 pA) and
mirrors a gate voltage; a second bias transistor MB2 which
receives a gate voltage of the first bias transistor MB1 and
generates a current, thereby decreasing a gate voltage of a
third bias transistor MB3; and the third bias transistor MB3
which transmits a bias voltage corresponding to the gate
voltage of the first bias transistor MB1 to the current
generation umt 2355, The first and second bias transistors
MB1 and MB2 may be N-channel metal oxide semiconduc-
tor (INMOS) transistors and the third bias transistor MB3
may be a P-channel MOS (PMOS) transistor. The bias
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current IBIAS may be a current generated by scaling the
power supply voltage VDDQ of the semiconductor memory
device 100.

The current generation unit 25556 may include first
through third down transistors MD1 through MD3 which
receive a voltage corresponding to the gate voltage of the
first bias transistor MB1 and first through third up transistors
MU1 through MU3 which receive a bias voltage corre-
sponding to the gate voltage of the third bias transistor MB3.
The current generation unit 2555 may also include fourth
through sixth up transistors MU4 through MU6 and fourth
through sixth down transistors MD4 through MD6, which
are connected to a third node N3 and respectively receive the
s1x bits CVOH_PUO through CVOH_PUS of the pull-up
VOH control code CVOH_PU, between the first through
third down transistors MD1 through MD3 and the first
through third up transistors MU1 through MU3.

The first through sixth up transistors MU1 through MU6
may be PMOS ftransistors and the first through sixth down
transistors MD1 through MD6 may be NMOS transistors. It
1s assumed that the size of the first through third up tran-
sistors MU1 through MU3 increases sequentially from the
first up transistor MU1 toward the third up transistor MU3
and the size of the first through third down transistors MD1
through MD3 1ncreases sequentially from the first down
transistor MD1 toward the third down transistor MD3.

The fourth through sixth up transistors MU4 through
MU®6 are turned off when respectively receiving the pull-up
VOH control code bits CVOH_PUO through CYVOH_PU2 at
a high level. At this time, the fourth through sixth down
transistors MD4 through MD6 may be turned on or ofl
according to the respective pull-up VOH control code bits
CVOH_PU3 through CVOH_PUS5. A control current IDAC,
¢.g., the sum of current corresponding to the size of at least
one of the first through third down transistors MD1 through
MD3, which 1s connected with a transistor turned on among
the fourth through sixth down transistors MD4 through
MD®6, 1s carried to the third node N3.

It 1s assumed that the first down transistor MD1 1s V4 of
the size of the first bias transistor MB1, the second down
transistor MD2 1s %2 of the size of the ﬁrst bias transistor
MB1, and the third down transistor MD3 is the same size as
the ﬁrst bias transistor MB1. When the pull-up VOH control
code bits CVOH_PUO through CVOH_PUS are “111 0107,
the control current IDAC 1s 15 A, which 1s the sum of a
current generated by the second down transistor MD2 and a
current generated by the third down transistor MD3. To
increase the first target VOH V..,, the ZQ calibration
control unit 205 may generate the pull-up VOH control code
CVOH_PU having the bits “111 111” to increase the control
current IDAC.

The voltage generation unit 255¢ may include a second
enable transistor M2 and a resistor 2R connected in series
between the power supply voltage VDDQ and the third node
N3 and a resistor R and a first enable transistor M1 con-
nected in series between the third node N3 and a ground
voltage VSS. The first enable transistor M1 may be an
NMOS transistor and the second enable transistor M2 may
be a PMOS transistor.

An enable signal EN may be at a high level according to
the control of the control logic 130 when the VOH or the
resistance ol the output driver 290 1s adjusted. An inverted
enable signal ENB 1s a result of inverting the enable signal
EN. The resistor 2R has a resistance double the resistance of
the resistor R.

When the enable signal EN 1s at the high level, the first
enable transistor M1 and the second enable transistor M2
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may be turned on. At this time, the first target VOH V -, 15
defined as Equation 1 at the third node N3 according to

Kirchhofl’s law:

(1)

Vi = x VDD +(RXQR]><IDAC
el = R 12R CH\ iR |

Here, the resistance of the first and second enable tran-
sistors M1 and M2 1s 1ignored. Consequently, the first target

VOH V.., when resolution, e.g., a least significant bit
(CVOH_PU3 1n FIG. 6), increases or decreases can be

adjusted by adjusting the resistance of the resistors R and 2R
and the number and size of the transistors MD1 through
MD3 and MU1 through MU3.

FIG. 7 1s a circuit diagram of an exemplary embodiment
255-2 of the pull-up VOH control block 255 or the pull-
down VOH control block 225 illustrated 1in FIG. 5. Referring
to FIGS. 5 and 7, FIG. 7 shows the exemplary embodiment

255-2 of the pull-up VOH control block 255 and the
structure and operations of the pull-down VOH control

block 225 are similar to those of the pull-up VOH control

block 255, and therefore, only the pull-up VOH control
block 255-2 will be described.

Like the voltage generation unit 255¢ 1illustrated 1n FIG.
6, the pull-up VOH control block 255-2 may include the first
enable transistor M1, the second enable transistor M2, and
the resistors R and 2R. However, the pull-up VOH control
block 255-2 may also include a plurality of resistors R0
through Rk connected 1n series between the resistors R and
2R and a plurality of switches SW0 through SW(k+1) each
of which connected between a node between two adjacent
resistors among the resistors R0 through Rk and a node
through which the first target VOH V -, 1s output.

The switches SWO0 through SW(k+1) may respectively

receive the bits of the pull-up VOH control code
CVOH_PU. For instance, the pull-up VOH control code
CVOH_PU may be comprised of (k+1) bits and the switches
SWO0 through SW(k+1) may sequentially and respectively
receive the (k+1) baits.

The resistors RO through Rk may have the same resis-
tance, but the mmventive concept 1s not restricted to the
current embodiment. It 1s assumed that the resistors R0
through Rk have the same resistance as the resistor R 1n the
current embodiment.

When the enable signal EN 1s at the high level, the pull-up
VOH control block 255-2 may output the first target VOH
V =, determined by voltage division performed according,

to the connection state of the switches determined by the
pull-up VOH control code CVOH_PU. For instance, when

k=3 and the pull-up VOH control code CVOH_PU 1s
“01017, the first through fourth switches SW0 through SW3
receive the bits, 0, 1, 0, and 1, respectively, and only the
second and fourth switches SW1 and SW3 1s shorted.
Accordingly, only the resistor R0 enables current to flow
across, and therefore, the first target VOH V-, becomes
VDD()/2 according to voltage division (the resistance of the
transistors M1 and M2 is 1gnored at this time).

FIG. 8 1s a detailed circuit diagram of the output driver
290 1llustrated 1 FIG. 3, according to an exemplary embodi-
ment of the inventive concept. Referring to FIGS. 3, 5, and
8, the output driver 290 may include the pull-up driver 292
and the pull-down driver 294.

The pull-up driver 292 may include the Oth through n-th
pull-up transistors NU0 through NUn connected between the
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power supply voltage VDDQ and the fourth node N4. Each
of the Oth through n-th pull-up transistors NU0 through NUn
may be an NMOS transistor.

The pull-down drniver 294 may include the Oth through
n-th pull-down transistors NDO through NDn connected
between the ground voltage VSS and the fourth node N4.
Each of the Oth through n-th pull-down transistors NDOQ
through NDn may be an NMOS transistor.

When the internal data DATA 1s at the high level, the
pull-up drniver 292 may receive the pull-up driving signal
OP_PU corresponding to the pull-up VOH code VOH_PU
from the pre-driver 280 and generate the current determined
by the pull-up VOH code VOH_PU. The transistors NDO
through NDn included 1n the pull-down driver 294 may all
be turned ofl according to the pull-down driving signal
OP_PD for turning off the transistors ND0 through NDn.

At this time, the current generated by the pull-up driver
292 may be transmitted to the SOC ODT resistor R, on7
in the memory controller 300 via the DQ pad. The data
signal DQ that the SOC ODT resistor R, o7 receives 1s
determined by the current generated by the pull-up driver
292 and the SOC ODT resistor R, o7 and has the VOH
that has been adjusted according to the pull-up VOH code
VOH_PU generated by the ZQ calibration unit 210.

When the internal data DATA 1s at the low level, the
pull-up driver 292 may receive the pull-up driving signal
OP_PU for turning off all the transistors NU0 through NUn
from the pre-driver 280 and the transistors NUO through
NUn included 1n the pull-up driver 292 may all be turned ol
according to the pull-up driving signal OP_PU. The pull-
down driver 294 may receive the pull-down drniving signal
OP_PD corresponding to the pull-down VOH code
VOH_PD and may have a resistance determined by the
pull-down VOH code VOH_PD. At this time, no current 1s
generated by the pull-up driver 292, and therefore, the data
signal DQ that the SOC ODT resistor R ¢~ oprreceives has
the VOL the same as the ground voltage VSS.

According to an exemplary embodiment of the imnventive
concept, the total resistance, e.g., termination resistance
(RTT), of the pull-up driver 292 or the pull-down driver 294
may be changed in response to a particular pull-up or
pull-down driving signal OP_PU or OP_PD. At this time,
single loading or double loading can be implemented by
changing the number of DIMMSs (e.g., the memory modules
50 i FIG. 1) inserted mnto a memory slot and an RIT
appropriate to conditions can be selected. For instance, the
RIT may be changed from R,,/1 to R,,/2 and R,,/4
(Where R,,=240€2) according to an MRS setting.

FIG. 9 1s a flowchart of a method of operating the
semiconductor memory device 100 illustrated mn FIG. 1
according to an exemplary embodiment of the inventive
concept. FIG. 10 1s a detailed tflowchart of an operation of
generating a VOH code 1n the method illustrated 1n FIG. 9,
according to an exemplary embodiment of the mmventive
concept. FIG. 11 1s a detailed flowchart of an operation of
generating the pull-up VOH code VOH_PU 1illustrated 1n
FIG. 10, according to an exemplary embodiment of the
inventive concept. FIG. 12 1s a detailed flowchart of an
operation of generating the pull-down VOH code VOH_PD
illustrated 1n FIG. 10, according to an exemplary embodi-
ment of the mventive concept.

Referring to FIGS. 1, 3, 5, and 9 through 12, the ZQ
calibration unit 210 may generate the VOH code according
to the pull-up VOH control code CVOH_PU and the pull-
down VOH control code CVOH_PD, which are obtained
according to the result of comparing the reference voltage
VREF with the VOH, 1n operation S900. The VOH code
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may include the pull-up VOH code VOH_PU and the
pull-down VOH code VOH_PD.

The pre-driver 280 may generate the pull-up driving
signal OP_PU and the pull-down driving signal OP_PD
based on the pull-up VOH code VOH_PU, the pull-down
VOH code VOH_PD, and the internal data DATA. The
output driver 290 may generate the data signal D(Q having
the VOH determined by the pull-up dniving signal OP_PU
and the pull-down driving signal OP_PD 1n operation S980.

Operation S900 may include operations S910 and S950 in
FIG. 10. The ZQ calibration unit 210 may include the first
Z.Q) calibration unit 250 and the second ZQ calibration unit
220.

The first ZQ calibration unit 250 may generate the pull-up
VOH code VOH_PU, which determines the current gener-
ated by the pull-up driver 292 of the output driver 290, based
on the first target VOH V .-, determined by the pull-up VOH
control code CVOH_PU 1n operation S910. The second Z()
calibration unit 220 may generate the pull-down VOH code
VOH_PD, which determines the resistance of the pull-down
driver 294 of the output driver 290, based on the second
target VOH V ., determined by the pull-down VOH control
code CVOH_PD 1n operation S950.

Operation S910 may include operations S912 through
5920 in FIG. 11. The first ZQ calibration unit 250 may
include the pull-up VOH control block 255, the first com-
parator 260, the first code generator 265, the replica pull-up
driver 270, and the replica SOC ODT resistor 275.

The pull-up VOH control block 255 may generate the first
target VOH V ., according to the pull-up VOH control code
CVOH_PU in operation S912. The first comparator 260 may
generate and output the first comparison result COMP1 by
comparing the first target VOH V., with the voltage of the
first node N1 1n operation S914.

The first code generator 265 may generate the pull-up
VOH code VOH_PU based on the first comparison result
COMP1 and transmit it to the pre-driver 280 and the replica
pull-up driver 270 1n operation S916. The replica pull-up
driver 270 may generate the first current 11 flowing across
the first node N1 according to the pull-up VOH code
VOH_PU in operation S918. The replica SOC ODT resistor
275 may determine the voltage of the first node N1 accord-
ing to the first current I1 1n operation S920. Until the voltage
of the first node N1 becomes the same as the first target VOH
V =, the generation of the pull-up VOH code VOH_PU
may be repeated.

Operation S950 may include operations S9352 through
S958 1n FIG. 12. The second ZQ calibration unit 220 may
include the pull-down VOH control block 225, the second
comparator 230, the second code generator 235, and the
replica pull-down driver 240.

The pull-down VOH control block 225 may generate the
second target VOH V .-, according to the pull-down VOH
control code CVOH_PU 1n operation S952. The second
comparator 230 may generate and output the second com-
parison result COMP2 by comparing the second target VOH
V=, with the voltage of the second node N2, e.g., the
voltage of the ZQ pad 1n operation S954.

The second code generator 235 may generate the pull-
down VOH code VOH_PD based on the second comparison
result COMP2 and transmit it to the pre-driver 280, the
replica pull-down driver 240, and the replica SOC ODT
resistor 275 1n operation S956. The replica pull-down driver
240 may have a resistance changed according to the pull-
down VOH code VOH_PD and determine the voltage of the
second node N2 1n operation S958. Until the voltage of the
second node N2 becomes the same as (or about the same as)
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the second target VOH V. -,, the generation of the pull-
down VOH code VOH_PD may be repeated.

FIG. 13 1s a block diagram of a computer system 400
including the semiconductor memory device 100 illustrated
in FIG. 1 according to an exemplary embodiment of the
inventive concept. Referring to FIGS. 1 through 13, the
computer system 400 may be a cellular phone, a smart
phone, a tablet personal computer (PC), a personal digital
assistant (PDA) or a radio communication system.

The computer system 400 includes the semiconductor
memory device 100 and a memory controller 420 {for
controlling the operations of the semiconductor memory
device 100. The memory controller 420 may control the data
access operations, €.g., a write operation or a read operation,
of the semiconductor memory device 100 according to the
control of a host 410. The memory controller 420 may be the
memory controller 300 1llustrated 1n FIG. 1.

The data 1n the semiconductor memory device 100 may
be displayed through a display 430 according to the control
of the host 410 and/or the memory controller 420.

A radio transcerver 440 transmits or receives radio signals
through an antenna ANT. The radio transceiver 440 may
convert radio signals received through the antenna ANT into
signals that can be processed by the host 410. Accordingly,
the host 410 may process the signals output from the radio
transceiver 440 and transmit the processed signals to the
memory controller 420 or the display 430. The memory
controller 420 may program the signals processed by the
host 410 to the semiconductor memory device 100.

The radio transceiver 440 may also convert signals output
from the host 410 into radio signals and output the radio
signals to an external device through the antenna ANT.

An mput device 450 enables control signals for control-
ling the operation of the host 410 or data to be processed by
the host 410 to be mput to the computer system 400. The
input device 450 may be a pointing device such as a touch
pad or a computer mouse, a keypad, or a keyboard.

The host 410 may control the operation of the display 430
to display data output from the memory controller 420, data
output from the radio transceiver 440, or data output from
the mput device 450. The memory controller 420, which
controls the operations of the semiconductor memory device
100, may be a part of the host 410 or a separate chip.

FIG. 14 1s a block diagram of a computer system 500
including the semiconductor memory device 100 1llustrated
in FIG. 1 according to an exemplary embodiment of the
inventive concept. The computer system 500 may be a PC,
a tablet PC, a netbook, an e-reader, a PDA, a portable
multimedia player (PMP), an MP3 (MPEG Audio Layer-3)
player, or an MP4 (MPEG Audio Layer-4) player.

The computer system 500 includes a host 510, the semi-
conductor memory device 100, a memory controller 520 for
controlling the data processing operations of the semicon-
ductor memory device 100, a display 530 and an input
device 540.

The host 310 may display data stored in the semiconduc-
tor memory device 100 through the display 530 according to
data input through the mput device 540. The input device
540 may be a pointing device such as a touch pad or a
computer mouse, a keypad, or a keyboard.

The host 510 may control the overall operation of the
computer system 300 and the operations of the memory
controller 520. The memory controller 520 may be the
memory controller 300 1illustrated 1n FIG. 1.

According to an exemplary embodiment of the imnventive
concept, the memory controller 520, which may control the
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operations of the semiconductor memory device 100, may
be a part of the host 510 or a separate chip.

FIG. 15 1s a block diagram of a computer system 600
including the semiconductor memory device 100 illustrated
in FIG. 1 according to an exemplary embodiment of the
inventive concept. The computer system 600 may be an
image processing device such as a digital camera, a cellular
phone equipped with a digital camera, or a smart phone
equipped with a digital camera.

The computer system 600 includes a host 610, the semi-
conductor memory device 100 and a memory controller 620
for controlling the data processing operations, such as a
write operation or a read operation, of the semiconductor
memory device 100. The computer system 600 further
includes an image sensor 630 and a display 640

The mmage sensor 630 included in the computer system
600 converts optical images into digital signals and outputs
the digital signals to the host 610 or the memory controller
620. The digital signals may be controlled by the host 610
to be displayed through the display 640 or stored in the
semiconductor memory device 100 through the memory
controller 620.

Data stored in the semiconductor memory device 100 may
be displayed through the display 640 according to the
control of the host 610 or the memory controller 620. The
memory controller 620, which may control the operations of
the semiconductor memory device 100, may be a part of the
host 610 or a separate chip.

FIG. 16 1s a block diagram of a computer system 700
including the semiconductor memory device 100 1llustrated
in FIG. 1 according to an exemplary embodiment of the
iventive concept. The computer system 700 includes the
semiconductor memory device 100 and a host 710 for
controlling the operations of the semiconductor memory
device 100.

The computer system 700 also includes a system memory
720, a memory 1interface 730, an error correction code
(ECC) block 740, and a host interface 750.

The system memory 720 may be used as an operation
memory of the host 710. The system memory 720 may be a
non-volatile memory such as ROM or a volatile memory
such as SRAM.

The host 710 connected with the computer system 700
may perform data communication with the semiconductor
memory device 100 through the memory interface 730 and
the host mterface 750.

The ECC block 740 1s controlled by the host 710 to detect
an error bit included 1n data output from the semiconductor
memory device 100 through the memory interface 730,
correct the error bit, and transmit the error-corrected data to
the host through the host interface 750. The host 710 may
control data communication among the memory interface
730, the ECC block 740, the host interface 750, and the
system memory 720 through a bus 770. The computer
system 700 may be a flash memory drive, a universal serial
bus (USB) memory dnive, an interchip (IC)-USB memory
drive, or a memory stick.

FIG. 17 1s a block diagram of a computer system 800
including the semiconductor memory device 100 1llustrated
in FIG. 1 according to an exemplary embodiment of the
inventive concept. The computer system 800 may be a host
computer 810 and a memory card or a smart card 830. The
computer system 800 includes the host computer 810 and
the memory card 830.

The host computer 810 1ncludes a host 840 and a host
interface 820. The memory card 830 includes the semicon-
ductor memory device 100, a memory controller 850, and a
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card mterface 860. The memory controller 850 may control
data exchange between the semiconductor memory device
100 and the card interface 860. The memory controller 850
may be the memory controller 300 1llustrated in FIG. 1.

According to an exemplary embodiment of the imnventive
concept, the card interface 860 may be a secure digital (SD)
card 1terface or a multi-media card (MMC) 1nterface, but
the inventive concept 1s not restricted to the current embodi-
ment.

When the memory card 830 is installed into the host
computer 810, the card interface 860 may interface the host
840 and the memory controller 850 for data exchange
according to a protocol of the host 840. The card interface
860 may support a USB protocol and an IC-USB protocol.
Here, the card interface 860 may indicate hardware support-
ing a protocol used by the host 330, soitware installed in the
hardware, or a signal transmission mode.

When the computer system 800 1s connected with the host
interface 820 of the host computer 810 such as a PC, a tablet
PC, a digital camera, a digital audio player, a cellular phone,
a console video game hardware, or a digital set-top box, the
host interface 820 may perform data communication with
the semiconductor memory device 100 through the card
interface 860 and the memory controller 850 according to
the control of the host 840.

FIG. 18 1s a block diagram of a computer system 900
including the semiconductor memory device 100 illustrated
in FIG. 1 according to an exemplary embodiment of the
inventive concept. The computer system 900 may include
the semiconductor memory device 100, a memory controller
150, a processor 920, a first mterface 930 and a second
interface 940 which are connected to a data bus 910.

According to an exemplary embodiment of the mventive
concept, the computer system 900 may include a portable
device such as a mobile phone, an MP3 player, or an MP4
player, a PDA, or a PMP.

According to an exemplary embodiment of the imnventive
concept, the computer system 900 may include a data
processing system such as a PC, a notebook-sized PC or a
laptop computer.

According to an exemplary embodiment of the inventive
concept, the computer system 900 may include a memory
card such as an SD card or an MMC.

According to an exemplary embodiment of the inventive
concept, the computer system 900 may include a smart card
or a solid state drive (SSD).

The semiconductor memory device 100, the memory
controller 150 and the processor 920 may be on one chip, for
example, a SOC or separate devices.

According to an exemplary embodiment of the imnventive
concept, the processor 920 may process data input through
the first interface 930 and write the data to the semiconduc-
tor memory device 100.

According to an exemplary embodiment of the inventive
concept, the processor 920 may read data from the semi-
conductor memory device 100 and output the data through
the first interface 930. In this case, the first interface 930 may
be an input/output device.

The second interface 940 may be a wireless interface for
wireless communication.

According to an exemplary embodiment of the mventive
concept, the second interface 940 may be implemented by
soltware or firmware.

FIG. 19 1s a block diagram of a data processing system
1000 1ncluding the semiconductor memory device 100 1llus-
trated 1n FIG. 1 according to an exemplary embodiment of
the inventive concept. In FIG. 19, MOD(E/O) denotes an




US 9,543,952 B2

19

optical modulator used as an E/O converter which converts
an electrical signal to an optical signal, and DEM(O/E)
denotes an optical demodulator used as an O/E converter
which converts an optical signal to an electrical signal.
Referring to FIG. 19, the data processing system 1000
includes a central processing umt (CPU) 1010, a plurality of
data buses 1001-1, 1001-2, and 1001-3, and a plurality of
memory modules 1040.

Each of the memory modules 1040 may transmit and
receive optical signals through a plurality of couplers 1011-
1, 1011-2, and 1011-3 respectively connected to the data
buses 1001-1 through 1001-3. According to an exemplary
embodiment of the inventive concept, each of the couplers
1011-1 through 1011-3 may be an electrical coupler or an
optical coupler.

The CPU 1010 includes a first optical transceiver 1016,
which includes at least one optical modulator MOD(E/O)
and at least one optical demodulator DEM(O/E), and a
memory controller 1012. The optical demodulator DEM(O/
E) 1s used as an O/E converter. The memory controller 1012
1s controlled by the CPU 1010 to control the operations, e.g.,
the transmitting operation and the recerving operation, of the
first optical transceiver 1016.

For instance, during a write operation, a first optical
modulator MOD(E/QO) of the first optical transceiver 1016
generates a modulated optical signal ADD/CTRL from
addresses and control signals and transmits the optical signal
ADD/CTRL to the optical communication bus 1001-3 in
compliance with the memory controller 1012.

After the first optical transceiver 1016 transmits the
optical signal ADD/CTRL to the optical communication bus
1001-3, a second optical modulator MOD(E/O) of the first
optical transceiver 1016 generates modulated optical write
data WDATA and transmits the optical write data WDATA
to the data bus 1001-2.

Each of the memory modules 1040 includes a second
optical transceiver 1030 and a plurality of memory devices
100. Each memory module 1040 may be an optical dual
in-line memory module (DIMM), an optical tully buflered
DIMM, an optical small outline dual in-line memory module
(SO-DIMM), an optical registered DIMM (RDIMM), an
optical load reduced DIMM (LRDIMM), an optical unbui-
tered DIMM (UDIMM), an optical micro DIMM, or an
optical single in-line memory module (SIMM).

Referring to FIG. 19, an optical demodulator DEM(O/E)
included 1n the second optical transcerver 1030 demodulates
the optical write data WDATA received through the data bus
1001-2 and transmits a demodulated electrical signal to at
least one of the memory devices 100.

Each memory module 1040 may also include an electrical
builer 1033 which builers an electrical signal output from an
optical demodulator DEM(O/E). For instance, the electrical
butler 1033 may bufler a demodulated electrical signal and
transmit the buflered electrical signal to at least one of the
memory devices 100.

During a read operation, an electrical signal output from
the memory device 100 1s modulated into optical read data
RDATA by an optical modulator MOD(E/O) included 1in the
second optical transceiver 1030. The optical read data
RDATA 1s transmitted to a first optical demodulator DEM
(O/E) mcluded in the CPU 1010 through the data bus
1001-1. The first optical demodulator DEM(O/E) demodu-
lates the optical read data RDATA and transmits a demodu-
lated electrical signal to the memory controller 1012.

FIG. 20 1s a schematic diagram of a multi-chip package
1100 including the semiconductor memory device 100 1llus-
trated 1n FIG. 1, according to an exemplary embodiment of
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the inventive concept. Referring to FIGS. 1 and 20, the
multi-chip package 1100 may include a plurality of semi-
conductor devices, e.g., first through third chips 1130, 1140,
and 1150 which are sequentially stacked on a package
substrate 1110. Each of the semiconductor devices 1130
through 1150 may include the semiconductor memory
device 100. A memory controller (not shown) for controlling
the operations of the semiconductor devices 1130 through
1150 may be included within at least one of the semicon-
ductor devices 1130 through 1150 or may be disposed on the
package substrate 1110. A through-silicon via (TSV) (not
shown), a bonding wire (not shown), a bump (not shown),
or a solder ball 1120 may be used to electrically connect the
semiconductor devices 1130 through 1150 with one other.
The memory controller (not shown) may be the memory
controller 300 1llustrated 1n FIG. 1.

For one example, the first semiconductor device 1130
may be a logic die including an input/output interface and a
memory controller, and the second and third semiconductor
devices 1140 and 1150 may be a die, on which a plurality of
memory devices are stacked, and may include a memory cell
array. At this time, a memory device of the second semi-
conductor device 1140 and a memory device of the third
semiconductor device 1150 may be the same or different
types of memory.

Alternatively, each of the first through third semiconduc-
tor devices 1130 through 1150 may include a memory
controller. At this time, the memory controller may be on the
same die as a memory cell array or may be on a different die
than the memory cell array.

As another alternative, the first semiconductor device
1130 may include an optical interface. A memory controller
may be positioned 1n the first or second semiconductor
device 1130 or 1140 and a memory device may be positioned
in the second or third semiconductor device 1140 or 1150.
The memory device may be connected with the memory
controller through a TSV.

The multi-chip package 1100 may be implemented using
a hybrid memory cube (HMC) in which a memory controller
and a memory cell array die are stacked. When the HMC 1s
used, the performance of memory devices increases due to
the increase of bandwidth, and the area of the memory
devices 1s minimized. As a result, power consumption and
manufacturing cost can be reduced.

FIG. 21 1s a three-dimensional diagram of an exemplary
embodiment 1100' of the multi-chip package 1100 1llustrated
in FIG. 20. Referring to FIG. 21, the multi-chip package
1100' 1mncludes a plurality of the dies 1130 through 1150
connected with one another through TSVs 1160 1n a stack
structure. Each of the dies 1130 through 1150 may include
a plurality of circuit blocks (not shown) and a periphery
circuit to realize the functions of the semiconductor memory
device 100. The dies 1130 through 1150 may be referred to
as a cell array. The plurality of circuit blocks may be
memory blocks.

The TSVs 1160 may be formed of a conductive material
including a metal such as copper (Cu). The TSVs 1160 are
arranged at the center of a silicon substrate. The silicon
substrate surrounds the TSVs 1160. An insulating region
(not shown) may be disposed between the TSVs 1160 and
the silicon substrate.

As described above, when a semiconductor memory
device according to an exemplary embodiment of the inven-
tive concept 1s used, a VOH 1s adjusted to be constant in
cach die, so that signal integrity can be increased.

While the mventive concept has been particularly shown
and described with reference to exemplary embodiments
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thereot, 1t will be understood by those of ordinary skill in the
art that various changes in forms and details may be made
therein without departing from the spirit and scope of the
inventive concept as defined by the following claims.

What 1s claimed 1s:

1. A semiconductor memory device, comprising:

a /() calibration unit configured to generate an output
high level voltage (VOH) code according to a VOH
control code obtained from a result of comparing a
reference voltage with a first VOH, wherein the refer-
ence voltage 1s calibrated according a VOH diflerence
between different memory devices; and

an output driver configured to generate a data signal
having a second VOH determined by the VOH code,

wherein the VOH control code comprises a pull-up VOH
control code and a pull-down VOH control code and
the VOH code comprises a pull-up VOH code and a
pull-down VOH code.

2. The semiconductor memory device of claim 1, wherein

the ZQ calibration unit comprises:

a first calibration unit configured to generate the pull-up
VOH code, which determines a current generated by a
pull-up driver included in the output driver, based on a
first target VOH determined by the pull-up VOH con-
trol code; and

a second calibration unit configured to generate the pull-
down VOH code, which determines a resistance of a
pull-down driver included in the output driver, based on
a second target VOH determined by the pull-down
VOH control code.

3. The semiconductor memory device of claim 2, wherein

the first calibration unit comprises:

a pull-up VOH control block configured to generate the
first target VOH;

a first comparator configured to output a first comparison
result by comparing the first target VOH with a voltage
of a first node:

a first code generator configured to generate the pull-up
VOH code based on the first comparison result;

a replica pull-up dniver configured to generate a first
current tlowing across the first node according to the
pull-up VOH code; and

a replica system on chip (SOC) on die termination (ODT)
resistor configured to determine the voltage of the first
node according to the first current.

4. The semiconductor memory device of claim 3, wherein

the second calibration unit comprises:

a pull-down VOH control block configured to generate
the second target VOH;

a second comparator configured to output a second com-
parison result by comparing the second target VOH
with a voltage of a second node;

a second code generator configured to generate the pull-
down VOH code based on the second comparison
result; and
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a replica pull-down driver configured to determine the
voltage of the second node according to the pull-down
VOH code.

5. The semiconductor memory device of claim 4, wherein
the replica SOC ODT resistor has a resistance determined by
the pull-down VOH code.

6. The semiconductor memory device of claim 3, wherein
the voltage of the second node 1s determined by a resistor
outside the semiconductor memory device and the replica
pull-down driver.

7. The semiconductor memory device of claim 1, wherein
the VOH control code 1s generated by an 1nternal test mode
signal of the semiconductor memory device or a VOH
change request signal provided from outside the semicon-

ductor memory device.

8. The semiconductor memory device of claim 1, turther
comprising a pre-driver configured to generate a pull-up
driving signal and a pull-down driving signal according to
the VOH code and internal data,

wherein the output drniver comprises a pull-up driver
configured to generate a current determined by the
pull-up driving signal and a pull-down driver config-
ured to have a resistance determined by the pull-down
driving signal.

9. A semiconductor memory device, comprising:

a data output circuit configured to perform Z(Q) calibration
according to an output high level voltage (VOH)
change request signal or a test mode signal and output
a data signal whose VOH has been changed,

the data output circuit including a Z(Q) calibration control
unit configured to generate a VOH control code corre-
sponding to information of the VOH change request
signal or the test mode signal, the information indicat-
ing whether to increase or decrease the VOH, wherein
the information of the VOH change request signal or
the test mode signal 1s indicative of a difference
between a first reference voltage of a first memory
device and a second reference voltage of a second
memory device exceeding a first threshold.

10. The semiconductor memory device of claim 9,

wherein the data signal 1s output from a D(Q terminal.

11. The semiconductor memory device of claim 10,
wherein the VOH change request signal 1s generated by a
memory controller configured to receive the data signal
output from the D(Q terminal.

12. The semiconductor memory device of claim 9,
wherein the data output circuit further comprises a ZQ
calibration unit configured to generate a pull-up VOH code
or a pull-down VOH code 1n response to the VOH control
code.

13. The semiconductor memory device of claim 12,
wherein the data output circuit further comprises a pre-
driver configured to generate a pull-up driving signal and a
pull-down driving signal in response to the pull-up VOH
code, the pull-down VOH code and data.
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